We have previously shown that the migration of foetal, adult and transformed fibroblasts into three-dimensional collagen gels is differentially affected by plating cell density. We now present data indicating that the migration of these fibroblasts is also differentially affected by local cell density in microdomains of the gel surface. In this article we discuss the possible biochemical and behavioural mechanisms that may contribute to the different migratory phenotypes expressed by foetal, adult and transformed fibroblasts; these include: (1) cell-induced alterations in the orientation and or packing density of collagen fibres in the gel; (2) deposition of specific matrix macromolecules by the fibroblasts; (3) social interactions between the cells; and (4) secretion of soluble factors affecting cell migration. We show that foetal fibroblasts secrete a migration stimulating factor (M SF) not produced by adult cells. Incubation of adult fibroblasts in the presence of M SF induces these cells to express a foetal-like migratory phenotype. Foetal fibroblasts undergo a spontaneous foetal-to-adult transition in migratory phenotype after prolonged passage in vitro ; this transition is accompanied by a cessation in M SF production. M SF appears to promote fibroblast migration at high cell density by stimulating the deposition of hyaluronic acid in the extracellular matrix.
INTRODUCTION
Epithelial and mesenchymal tissues are commonly found in close anatomical proximity. Signals arising from the mesenchyme exert a profound influence upon the proliferation, differentiation and morphogenesis of the associated epithelium, both during normal development (Sawyer & Fallon, 1983 ) and in the adult organism (Hill & Mackenzie, 1984; Cuhna et al. 1985) ; conversely, the epithelium influences various important aspects of mesenchyme function, e.g. the deposition of matrix macromolecules and secretion of matrix degrading enzymes (Cummings et al. 1981; Johnson-Wint & Gross, 1984) . The nature of this 'dynamic reciprocity' whereby the epithelium and mesenchyme influence each other in a self-regulating fashion has been discussed by Bissell et al. (1982) . Both soluble factors (i.e. paracrine mechanisms) and matrix macromolecules are involved in mediating epithelial mesenchymal interactions (Bissell et al. 1982; Trelstad, 1984; Lawrence, 1985; Gurdon, 1987) .
A number of workers have proposed that a disruption in normal epithelial-mesen chymal interactions in the adult might be involved in the genesis of various proliferative disorders, including neoplasia (Cunha et al. 1985; Rubin, 1985) . This suggestion is supported by the report of Saiag et al. (1985) , which indicates that the abnormalities in epithelial proliferation and differentiation associated with psoriasis are caused by aberrant fibroblasts in the underlying dermal tissue. It is consequently of interest to note that fibroblasts from cancer patients have been reported to display a number of the aberrant phenotypic characteristics commonly associated with transformed and/or foetal cells.
In this article we: (1) review our data indicating that foetal and adult fibroblasts display different migratory phenotypes on collagen gels; (2) discuss the biochemical mechanisms that may be responsible for these behavioural differences; (3) document the expression of foetal phenotypic characteristics by fibroblasts derived from cancer patients; and (4) discuss the possible involvement of foetal-like fibroblasts in the pathogenesis of epithelial tumours.
DIFFERENCES IN THE MIGRATORY PHENOTYPE OF FOETAL A N D ADULT

FIBROBLASTS
Fibroblasts are a rather poorly defined group of cells, identified in vivo by their location in connective tissues and in vitro by such non-specific characteristics as spindle-shaped morphology, the presence of vimentin intermediate filaments and the synthesis of interstitial collagens and fibronectin. Transformed fibroblasts differ from their normal counterparts in a number of behavioural and biochemical characteristics, e.g. ability to form colonies in semi-solid medium (Cameron & Pool, 1981) .
We have previously reported that fibroblast migration into three-dimensional collagen gels is influenced by plating density (Schor et al. 1985a ). In our standard migration assay, fibroblasts are plated on the surface of collagen gels at defined low and high densities (i.e. 103 and 2-5 X104 cells cm -2 ) and the cultures incubated for 4 days. T he percentage of cells found within the gel matrix is then determined by viewing cultures under phase optics and counting fibroblasts on and within the gel in rectangular areas of the gel delimited by a photographic graticule (Schor, 1980) . Results obtained with three representative (normal adult, foetal and transformed) fibroblast lines are shown in Fig. 1 . These data reveal a differential effect of cell density on fibroblast migration, i.e. the adult fibroblast line migrated to a relatively greater extent at low density, the foetal line migrated to approximately the same extent at both plating densities, while the transformed line migrated to a relatively greater extent at high density. In order to express this effect of cell density on fibroblast migration in quantitative terms, we have defined a 'cell density migration index' or CDM I as follows: The results obtained in migration assays performed with a large number of fibroblast lines confirm that the CDM I may be used to distinguish between adult, foetal and transformed fibroblasts (Fig. 2) ; we found that adult and transformed 
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fibroblasts display com pletely non-overlapping distribution profiles of C D M I values, while foetal cells form a distinct group lying interm ediate between the two. Inspection of Fig. 2 indicates that over 90% of the adult fibroblasts examined had C D M I values greater than +0-4, while over 90 % of the foetal fibroblasts had C D M I values less than + 0 -4 ; on the basis of these results, we empirically define a C D M I above + 0 -4 as adult-like and one falling below this point as foetal-like. T h e C D M I thus provides a convenient and novel behavioural m arker of 'foetalness', which can be used to assess the phenotype of fibroblasts cultured in vitro.
THE PRESENCE OF ABERRANT FIBROBLASTS IN CANCER PATIENTS
We have reported that tum our-derived fibroblasts obtained from approxim ately 50 % of patients w ith cancer of the breast express a foetal-like m igratory phenotype (D u rn in g et al. 1984) . Ostensibly normal skin fibroblasts obtained from these
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=L 10( The systemic expression of a foetal-like migratory phenotype by skin fibroblasts from a significant proportion of cancer patients suggested that genetic factors may be involved in controlling the expression of this abnormality. With this possibility in mind, we embarked on a study designed to examine the migratory behaviour of skin fibroblasts in breast cancer patients believed to have a genetically determined predisposition for the disease.
Epidemiological data clearly indicate that genetic factors are involved in determin ing susceptibility to certain rare cancer syndromes, such as adenomatosis of the colon and rectum. It is considerably more difficult to demonstrate the involvement of hereditary factors in the more common types of cancer (e.g. carcinoma of the breast or bronchus), owing to the significant predicted occurrence of random familial clustering. Lynch et al. (1984) operationally defined hereditary breast cancer by the presence of two or more affected individuals within the modified nuclear pedigree in association with at least one of the following additional features: (1) evidence for a vertical mode of transmission, (2) bilaterality, (3) early age at onset, and (4) the presence of certain types of second malignancies, e.g. ovarian carcinoma. In a recent survey we reported that 8-9% of breast cancer patients in our Manchester study group fulfilled these criteria of putative hereditary disease (Haggie et al. 1985) , a value in close agreement with that previously reported by Lynch et al. (1984) . of the hereditary breast cancer patients expressed C D M I values falling w ithin the foetal range. T h e high incidence of foetal-like fibroblasts in patients w ith sporadic breast cancer suggests that hitherto unrecognized genetic factors may be operative in determ ining disease susceptibility in this group of patients. Pedigree data collected from families displaying a high incidence of breast cancer suggest th at susceptibility to the disease is transm itted as an autosomal dom inant trait (L ynch et al. 1984) . T his is consistent with the observation that unaffected daughters of patients with hereditary breast cancer have a 50 % cum ulative lifetime risk of developing the disease them selves (O ttm an et al. 1983) . We have examined the m igratory behaviour of skin fibroblasts from 15 apparently normal first-degree relatives of patients fulfilling L ynch's criteria of hereditary breast cancer; these consisted of 2 brothers, 1 sister, 8 daughters and 4 sons. Norm al age-m atched controls for the patients (n = 12) were healthy women with no family history of breast cancer. O ur data indicate that an aberrant migratory phenotype was expressed by fibroblasts obtained from a significant proportion (10/15 or 67% ) of clinically unaffected first-degree relatives (males and females) of patients with hereditary breast cancer. T h is finding clearly argues in favour of the interpretation that expression of this abnorm ality by skin fibroblasts precedes the appearance of a clinically recognizable epithelial tum our and does not result as a secondary consequence of fibroblast interaction with tum our cells. Indeed, the continued expression of foetal C D M I values by these fibroblasts after prolonged passage in vitro (Schor et al. 19856, 1986) indicates that this aberrant mode of behaviour is a stable phenotypic characteristic of the cells and is independent of factors present in the in vivo environm ent.
MECHANISMS RESPONSIBLE FOR THE DIFFERENT CDMI VALUES EXPRESSED BY ADULT, FOETAL AND TRANSFORMED FIBROBLASTS
T h e C D M I is a m easure of the effect of plating density on cell m igration. Cells plated at the low density (103 cells cm~2) remain sparsely distributed over the gel surface during the 4-day incubation period, whilst cells plated at high density (2-5 XlO4 cells cm -2 ) form a confluent layer immediately following cell attachm ent and spreading (i.e. 1 -2 h after plating). In our standard m igration assay, cells are plated in such a fashion as to achieve a uniform distribution over the gel surface. D ata providing some insight into the m echanisms by which cell density influences fibroblast m igration have been obtained by deliberately plating cells in a nonhom ogeneous fashion so that very different local densities are established in m icrodom ains of the gel surface. T h is is achieved by dropping the plating inoculum slowly in the centre of the gel and then allowing the fibroblasts to attach with m inimal agitation. T h e cell density in each m icrodom ain of the gel surface in w hich cells are counted in the m igration assay may be calculated knowing the optical m agnification and the area of the rectangular field defined by the graticule. D ata collected using this approach are shown in Fig. 4 for late-passage WI-38 cells (displaying an adult C D M I) and its virally transform ed counterpart, SV WI-38. T hese data indicate that fibroblast m igration is influenced by cell density in m icrodom ains of a given gel in the same m anner as previously reported for gels hom ogeneously plated at different densities (e.g. as shown in Fig. 1 ). Such a finding suggests that the m echanisms m ediating this phenom enon are operative in the m icroenvironm ent of the cell and are not determ ined by the mean cell density in the culture.
T h e data presented in Figs 1, 2 and 4 indicate that at high cell density foetal and transform ed fibroblasts migrate to a greater extent than do adult cells, whilst the We have examined the ability of foetal fibroblasts and the foetal-like fibroblasts of breast cancer patients to contract floating collagen gels and compared these results with those obtained with normal adult and transformed cells (Table 1) . Our results confirm the above-mentioned reports that normal adult fibroblasts contract collagen gels to a significantly greater extent than do transformed cells and further indicate that foetal fibroblasts and the foetal-like fibroblasts of breast cancer patients are indistinguishable from normal adult fibroblasts by this criterion. It therefore seems unlikely that a differential contraction and/or reorganization of collagen fibres is responsible for the distinctive CDM I values expressed by foetal and normal adult fibroblasts. Cells were suspended in collagen gelling solution and 2 ml of this used to cast gels in plastic tissue culture dishes (32mm internal diameter) with a final concentration of 5x1 ()5 cells per gel. Gels were allowed to set for 2 h , then overlaid with growth medium containing 15% calf serum and rimmed to produce free-floating cultures. Gel diameter was measured after 3 days incubation. Recent reports have indicated that fibronectin is actually a complex family of closely related molecules and that there are differences in amino acid composition and glycosylation in the fibronectins synthesized by normal adult, foetal and transformed fibroblasts (Castellani et al. 1986 ). Such variations in molecular fine structure, especially as they influence the cell-binding and collagen-binding domains, may have differential effects upon fibroblast migration.
Deposition o f specific m atrix components
Hyaluronic acid is another major constituent of the extracellular matrix that has been shown to stimulate cell migration into collagen gels (Bernanke & Markwald, 1979). Foetal and transformed fibroblasts synthesize more hyaluronic acid than normal adult fibroblasts, which may contribute to the elevated levels of migration displayed by these cells in high density culture (Schor et al. unpublished data).
The relative synthesis of types I and III collagens is regulated by cell density, with greater amounts of type I collagen produced in sparse cultures and the reverse situation applying in dense cultures ( Abe et al. 1979) . The consequences of these cell density-related changes in collagen biosynthesis on fibroblast migration are unknown and currently under study. In this context, it should be noted that foetal fibroblasts synthesize m ore type I I I collagen than type I (Epstein, 1974).
Social interactions amongst fibroblasts
W hen m igrating norm al fibroblasts collide, they exhibit a transient paralysis and soon start m ovem ent in the opposite direction, a phenom enon term ed 'contact inhibition of cell m ovem ent' (Abercrom bie, 1970) . In confluent cultures, norm al fibroblasts make contact with neighbouring cells at various points around their periphery and do not therefore display significant m igratory activity. In contrast, transform ed fibroblasts do not display contact inhibition of cell m ovem ent. These differences in social interactions may contribute to the relatively low level of m igration seen in confluent cultures of norm al adult cells and the elevated levels of m igration in sim ilar cultures of transform ed cells. Foetal fibroblasts are sim ilar to norm al adult cells in that they display contact inhibition of cell m ovem ent (A bercrom bie et al. 1968 ).
Foetal and norm al adult fibroblasts differ with respect to the orientation cells adopt in confluent culture. As can be seen in Fig. 5 , normal adult skin fibroblasts form a characteristic swirl pattern of parallel aligned cells, while foetal fibroblasts exhibit a considerable degree of overlapping similar to that shown by transform ed cells. T h e foetal-like fibroblasts of breast cancer patients form parallel arrays of aligned cells in confluent culture and in this sense are indistinguishable from normal adult cells.
Secretion o f soluble factors capable o f affecting cell migration
We have recently reported (Schor et al. 1987« ) that conditioned m edium (CM ) from foetal fibroblasts stim ulates the m igration of normal adult fibroblasts in highdensity culture to the elevated levels characteristically achieved by foetal cells Adult and foetal fibroblasts were plated on collagen gel substrata at low and high cell densities in growth medium containing 5 % calf serum and 25 °Io of the indicated CM. Cultures were incubated for 4 days and the % of cells within the gel matrix then measured. Foetal CM stimulates the migration of adult fibroblasts plated at high cell density.
( Table 2) ; foetal CM has no effect on the already elevated level of migration achieved by adult fibroblasts in low-density culture. Exposure of adult fibroblasts to foetal CM therefore has the overall effect of inducing them to express CDM I values falling within the foetal range. In contrast, adult CM has no effect on foetal or adult fibroblast migration at either low or high density, suggesting that adult fibroblasts do not produce an inhibitor of cell migration. 
Preliminary investigations indicate that the stimulatory effect of foetal fibroblast CM on the migration of adult target cells is completely inhibited by Streptom yces
hyaluronidase at 10 units m l-1 . These data suggest that the primary effect of the foetal migration factor may be to stimulate hyaluronic acid synthesis by the adult fibroblasts, which in turn stimulates cell migration. This conclusion is supported by direct measurement of hyaluronic acid biosynthesis by adult fibroblasts exposed to foetal CM (Schor et al. unpublished data) and is consistent with the growing body of data indicating that many well-characterized peptide growth and/or transforming factors (e.g. EG F, TG F-beta) exert a primary effect on matrix biosynthesis (Ignotz & Massague, 1986) .
Taken together, these data lend strong support to the view that the differences in CDM I values expressed by foetal and adult fibroblasts results principally from the production of a migration-stimulating peptide factor by the foetal cells. Data relating to the purification and further biochemical characterization of this factor will be published.
POSSIBLE ROLE OF ABERRANT FIBROBLASTS IN THE PATHOGENESIS OF EPITHELIAL CANCERS
T h e existence of aberrant fibroblasts in apparently normal skin of cancer patients and their unaffected first-degree relatives is a rather unexpected finding, the interpretation of which remains unclear. T he majority of previous studies in this area have dealt with skin fibroblasts derived from patients with relatively rare cancer syndromes in which the involvement of genetic factors in determining disease susceptibility is unambiguous (e.g. familial polyposis coli). As a consequence of the well-recognized genetic nature of these conditions, the aberrant skin fibroblasts have tended to be viewed as a convenient cell type with which to demonstrate genomic abnormalities also expressed by the relevant target epithelial population, but have not generally been considered to contribute directly to the carcinogenic process themselves (Kopelovich, 1982) .
We have presented an alternative, but not mutually exclusive, interpretation, which stems from an appreciation of the important role played by epithelial-m esen chymal interactions in the control of cell behaviour (Schor et al. 1987b ). According to this view, aberrations expressed solely by fibroblasts are postulated to influence the development of an epithelial tumour. More specifically, we suggest that: (1) foetal fibroblasts undergo programmed transitions in phenotype during the course of normal development; (2) these foetal-to-adult transitions do not occur in certain individuals; and (3) the resultant dysfunction in normal epithelial-mesenchymal interactions puts the affected individual at an elevated risk of developing cancer.
F oetal fibroblasts undergo phenotypic transitions during normal developm ent
We have demonstrated that the migration of foetal and adult fibroblasts is differentially affected by cell density. These results imply that foetal fibroblasts undergo a transition in migratory phenotype during the course of normal develop ment. T his suggestion is supported by our observation (Schor et al. 1985a ) that cloned foetal lines undergo a spontaneous and stable transition to expression of CDM I values falling within the normal adult range after 50-55 population doublings in tissue culture (i.e. approximately 3 /4 of their in vitro lifespan). T his foetal-toadult transition is accompanied by a cessation in the production of M SF (Table 3) 
These foetal-to-adult transitions do not occur in certain individuals
The aberrant phenotypic characteristics displayed by cancer patient fibroblasts have generally been discussed in terms of cell transformation. Foetal fibroblasts, however, display many of the phenotypic characteristics used to define transform ation (as indicated in the preceding section), thus lending support to the view that the aberrant fibroblasts of cancer patients should properly be thought of as foetallike. In this context, it may be noted that Bartal et al. (1986) reported that monoclonal antibody VIF3 specifically recognizes a determinant present on foetal fibroblasts, but not normal adult cells; immunolocalization studies revealed that this antibody also stained a subset of apparently foetal-like fibroblasts associated with all the carcinomas they examined. Chiquet- Ehrismann et al. (1986) demonstrated that the newly described matrix macromolecule tenascin is found in various foetal connective tissues, but is generally absent from adult tissue; interestingly, tenascin was consistently demonstrated in the stroma associated with mammary carcinomas.
The disruption in epithelial-m esenchym al interactions produced by the presence o f aberrant fibroblasts plays a causative role in cancer development
Direct experimental support of this hypothesis has been provided by the studies of Sakakura (1983), who observed that implantation of foetal (but not adult) fibroblasts into the adult rat mammary gland induced the hyperplastic growth of the normal glandular epithelial elements and rendered them more sensitive to overt neoplastic transformation by carcinogenic agents. Subsequent work revealed that foetal fibroblasts produce a soluble factor that promotes the proliferation and inhibits the differentiation of normal adult mammary epithelial cells (Taga et al. 1983) .
Possible clinical implications
The central point of our hypothesis is that the expression of certain abnormalities by fibroblasts may be causally related to the development of epithelial tumours. C a p l a n , A. I . , F is z m a n , M. Y. & E p p e n b e rg e r, H. M. (1983) . Molecular and cell isoforms during development. Science 221, 921-927. C a s t e l l a n i, P ., S i r i , A ., R o s e l l in i, C ., I n f u s i n i , E., 
